The zebrafish system is an excellent vertebrate genetic model to study hemostasis and thrombosis because saturation mutagenesis screens can identify novel genes that play a role in this vital physiological pathway. To study hemostatic mutations, it is important to understand the physiology of zebrafish hemostasis and thrombosis. Previously, we identified zebrafish thrombocytes and have shown that they participate in arterial thrombus formation. Here, we recognized two populations of thrombocytes distinguishable by DiI-C18 (DiI) staining. DiI+ thrombocytes have a high density of adhesive receptors and are functionally more active than DiIthrombocytes. We classified DiI+ thrombocytes as young and DiI-thrombocytes as mature thrombocytes. We found young and mature thrombocytes each formed independent clusters and that young thrombocytes clustered first. We have also shown that young thrombocytes initiate arterial thrombus formation. We propose that due to the increased adhesive receptor density on young thrombocytes, they adhere first to the sub-endothelial matrix, get activated rapidly, release agonists and recruit more young thrombocytes which further release more agonists. This increase in agonists activates the less active mature thrombocytes, drawing them to the growing thrombus.
INTRODUCTION
The zebrafish system is an excellent model to study vertebrate development because of the transparency of embryos and the ability to perform saturation mutagenesis [1] [2] [3] . This ability has been exploited to identify genes involved in other vertebrate-specific functions 4 . We have recently adapted this model to study the genetics of thrombosis by developing an assay that measures the time to occlusion (TTO) of an injured vessel 5 . Using this assay, we have isolated and continue to isolate mutants that have an abnormal TTO. However, to study the thrombosis mutations in zebrafish, understanding the physiological events in the thrombotic process would be valuable. At present, we do not know the kinetics of recruitment of cells during arterial thrombus formation 6, 7 .
In our earlier studies, we have shown by immunological methods that thrombocytes have GpIIb/IIIa and GpIb receptors 8 . By biochemical assays we have shown that the thrombocytes are activated in response to agonists such as collagen, ADP and ristocetin 8 . By labeling thrombocytes with a lipophilic dye DiI-C 18 (DiI), we have also shown that the thrombocytes participate in arterial thrombosis in a model induced by laser injury of the dorsal aorta in zebrafish larvae 5, 9 . While developing these methods, we noticed that DiI did not completely label the entire population of thrombocytes; instead, it selectively labeled a group of thrombocytes with greater efficiency, and the other thrombocytes were labeled with decreasing intensities. The purpose of this study is to determine whether these various populations behave differently in arterial thrombus formation.
In this report, we studied the kinetics of recruitment of the DiI+ thrombocytes (that are most intensely labeled with DiI) and DiI-thrombocyte (unlabeled) populations. This study was readily feasible because in zebrafish thrombus formation, thrombocytes adhering to the vessel wall are readily seen due to the transparency of embryos/larvae, and large cell size in arterial thrombi 5 . We found that DiI+ thrombocytes initiate arterial thrombus formation. We also showed that DiI+ thrombocytes have higher receptor content and activity than the DiI-thrombocytes and form clusters independently in in vitro aggregation reactions. By bromodeoxyuridine (BrdU) labeling methods, we have shown that DiI+ thrombocytes were the ones into which the label was incorporated and therefore are considered young thrombocytes. We have also found that DiI+ thrombocytes are stainable by Thiazole Orange (TO) suggesting that they may be similar to mammalian reticulated platelets. Thus, we classified DiI+ thrombocytes as young and DiIthrombocytes as mature thrombocytes. We propose here that due to the increased adhesive receptor density on young thrombocytes, they adhere first to the sub-endothelial matrix, activate rapidly, release agonists and recruit more young thrombocytes which further release more agonists. This increase in agonists activates the less active mature thrombocytes, drawing them into the growing thrombus.
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MATERIALS AND METHODS
Labeling of thrombocytes. Thrombocytes were labeled in vivo 9 by injecting into zebrafish 10 µl of the diluted solutions of either DiI-C 18 (DiI) (10 µM), mepacrine (5 mM), TO (20 µM) or Oregon
Green BAPTA-1 (OG) (20 µM) in PBS, prepared from stock solutions of 10 mM DiI (in DMF), 10mM mepacrine (in ethanol), 10mM of thiazole orange (in methanol) and 5mM OG (in DMSO)
respectively. For double labeling, a combination of either DiI and mepacrine, or DiI and OG was injected. To double label GFP-thrombocytes, we injected DiI into transgenic zebrafish where thrombocytes are selectively labeled with the green fluorescent protein under the GPIIb promoter.
After 20 min, either blood was collected 8 into an equal amount of heparin solution (20 mg/ml in PBS) at 25 0 C or the animal was used in arterial thrombosis experiments. The DiI+ thrombocytes were observed by fluorescence with excitation at 510-560 nm 9 . Mepacrine and OG labeled thrombocytes and dually labeled thrombocytes were observed by fluorescence with excitation at 450-490 nm 9 . Confocal images were obtained as described previously 5 . The cells were observed in a smear or under a cover slip.
Labeling of human platelets. Human blood was obtained by self collection from a finger prick. Flow Cytometry and Electron microscopy. Zebrafish blood (50 µl) containing thrombocytes dual labeled with DiI and mepacrine was placed in 100 µl of EM fixative 11 , and gently layered on 800
µl of Lymphoprep (Sigma Chemical Co., St. Louis, MO) and spun at 800xg for 3 min. The top layer (approximately 100-150 µl) was centrifuged at 5000xg for 5 min and the thrombocyte pellet was resuspended in PBS. Cells were then sorted by FACS and subjected to electron microscopy 8 .
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From Estimation of GPIIb/IIIa and GPIb on thrombocytes. For detecting GPIIb/IIIa and GPIb, 20 µl of heparinized blood from DiI and TO injected fish respectively were used. The blood was fixed with an equal volume of fixative, centrifuged at 2000xg for 5 min, and the pellet was washed in PBS and resuspended in 30 µl of PBS, 15 µl of primary antibody at 1:40 dilution (Polyclonal sheep anti-human GPIIb/IIIa 10 mg/ml was from Affinity Biologicals Inc. Ontario, Canada and polyclonal GPIb rabbit anti-human antibody 1 mg/ml was a gift from Jose Lopez of Baylor College of Medicine) was added and incubated for 30 min at 4˚C. The cells were washed, resupended and probed with a secondary antibody (Anti-sheep IgG FITC, 1 mg/ml for GPIIb/IIIa from Sigma, St.
Louis, MO and Anti-rabbit IgG TRITC, 2 mg/ml for GPIb from Jackson Immuno Research Laboratories Inc. West Grove, PA) at 1:100 dilution as described above. The cells were again washed, resuspended in 30 µl of PBS and were either smeared on a slide or kept under a cover slip and fluorescent images of thrombocytes were taken. Non-immune sheep or rabbit IgG and omission of primary antibody were used as negative controls 8 . The images of a number of thrombocytes were taken keeping the exposure times constant. The average intensity per pixel was calculated from the total intensity of a thrombocyte and the total number of pixels and was plotted as the levels of the receptor. The quantifications were performed by using SigmaScan Pro 5.0 software 9 .
The above polyclonal antibodies were verified for their specificity by FACS analysis. resuspended, smeared on a slide or kept under a cover slip, and the fluorescent images of thrombocytes were analyzed as described above.
Measurement of calcium release. 1.5 µl of heparinized blood labeled with DiI and OG was layered on a pre-cleaned glass slide and a 5x5 mm cover slip was placed and the surrounding area of the cover slip was marked with a PAP pen. A single attached thrombocyte (either dual labeled
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From with DiI and OG or labeled with OG alone) was examined under a fluorescence microscope at an excitation/emission wavelength of 494/523 nm and the basal fluorescence was recorded for one minute using a digital camera connected to a VHS recorder. Then 5 µl of ADP (100 µM) was placed on the edge of the cover slip inside the line drawn by the PAP pen such that the agonist diffused under the cover slip to reach the immobile thrombocyte. CaCl 2 was maintained in the buffer at a concentration of 1 mM and calcium release was recorded for 5 min. Images from these recordings were captured at 10 sec intervals using a digital converter and scanned for average green intensity 9 . The intensities were then plotted as a function of time.
Time course on thrombocyte cluster formation 4 µl of blood collected from zebrafish injected with DiI and mepacrine was mixed with 1µl of 3.8% sodium citrate. 1 µl of citrated blood was added to five different wells in a Nunc microtiter plate containing conical wells with round bottoms (10 µl capacity). The wells contained 8 µl of citrate buffer (0·63% sodium citrate in PBS) and 1 µl of 50 µΜ ADP. Samples from different wells were sequentially collected at 1,2,3,5 and 10 min intervals and fixed immediately. They were then observed under a fluorescence microscope and the red, green and orange clusters were quantified. In vivo arterial thrombosis. The DiI and mepacrine injected zebrafish were placed on a microscopic slide under a fluorescence microscope, after anesthesia with Tricaine (10 µM) solution 9 . An arterial thrombus was induced in a tail arteriole using a light beam from a nitrogen pulsed laser passed through coumarin 440 dye (445 nm) (MicroPoint Laser system, Photonic Instruments
Inc. IL) for 5 seconds at 15 pulses/second with a laser intensity setting of 10. Thrombus formation observed by fluorescence with excitation at 450-490 nm was recorded using a digital camera attached to a VHS recorder and a monitor (video) 5 .
RESULTS
We recently found that DiI, a lipophilic dye, selectively labels one population of thrombocytes ( Fig. 1A ) 9 leaving the other population unlabeled. There was a gradation of DiI labeling intensity in thrombocytes where the most intensely DiI labeled population had long filopodial extensions, and the less intensely labeled DiI thrombocytes had relatively smaller filopodial extensions. We found at low concentrations of DiI that there are approximately 10%
DiI+ thrombocytes. As a first step for characterizing these two populations (DiI+ and DiI-) of thrombocytes in vivo, separation of the two populations, was needed. When mepacrine was injected into zebrafish blood, we found that mepacrine, which has been used to label human platelets 12 ,
labeled the entire population of zebrafish thrombocytes fluorescent green. Red cells also were
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From labeled with mepacrine, but underwent photobleaching more rapidly than thrombocytes. Thus, when using both DiI and mepacrine, the DiI+ thrombocytes were orange and the unlabeled thrombocytes were green using a 450-490nm excitation wavelength. Ficoll/hypaque gradients were used to initially enrich fixed thrombocytes (both DiI+ and DiI-) from the other blood cells.
Subsequently, fluorescence activated cell sorting was used to separate these two populations of thrombocytes (Fig. 1B) .
To test whether there are any significant differences between DiI+ thrombocytes and the DiIthrombocytes, we compared their ultrastructure by transmission electron microscopy. Both the DiI+ and DiI-thrombocytes showed the presence of granules similar to the size of glycogen granules, rough endoplasmic reticulum, and mitochondria (Fig. 1C) . Young thrombocytes contained more rough endoplasmic reticulum. The presence of more extensive rough endoplasmic reticulum in DiI+ thrombocytes compared to DiI-thrombocytes suggests that protein synthesis is more active.
We also found more extensions of filopodia in the young thrombocytes than in the mature thrombocytes ( Fig. 1C ) suggesting that they have been more rapidly activated.
The above finding that the DiI+ thrombocytes have higher levels of rough endoplasmic reticulum and filopodia suggested that the DiI+ and DiI-thrombocyte populations may correspond to young (reticulated) and mature platelets in humans. Therefore, we determined which of these two zebrafish thrombocyte populations corresponded to young platelets. To provide evidence that the DiI+ thrombocytes are younger, we injected BrdU, a standard marker that detects cells with newly synthesized DNA 10 . Twenty four hours after injection of BrdU, we reinjected the fish with DiI and collected blood 20 minutes later to test which of the two populations of thrombocytes were labeled by BrdU. We found that all BrdU-labeled thrombocytes, as detected by antibodies against BrdU, were DiI+ (Fig. 2a) . The DiI-cells did not have any BrdU labeling. Occasionally, we also found incorporation of BrdU into nucleated red cells that are probably their precursors. These results confirmed that the DiI labeled cells are young, newly synthesized thrombocytes.
In mammals, TO, a nucleic acid intercalating dye is used to selectively label young platelets because young platelets contain more RNA, thus differentiating them from mature platelets. To assess whether DiI also selectively labels young platelets, we used human platelets that are labeled with TO to see their susceptibility to DiI labeling. We found that DiI specifically labels young human platelets (Fig. 2b A) suggesting that the DiI labeled thrombocytes correspond to young platelets. As a corollary experiment we wanted to label zebrafish thrombocytes with TO. However, thrombocytes make more RNA than the mature thrombocytes, higher levels of RNA should be indicated by increased TO binding. We found that all DiI+ thrombocytes were stained by TO suggesting that the DiI+ thrombocytes correspond to young thrombocytes (Fig. 2b B) , and the extent of TO labeling correlated with DiI intensity. The DiI-mature thrombocytes and other blood cells labeled faintly with TO, due to the presence of a nucleus. However, most of this nuclear fluorescence faded away quickly due to a photobleaching reaction, facilitating the identification of TO positive thrombocytes, which remain brightly fluorescent. We have also performed FACS on dual labelled thrombocytes with TO and DiI and found similar results (data not shown).
For 
and mature thrombocyte populations, we used polyclonal antibodies against human GPIIb/IIIa (the fibrinogen receptor which ultimately facilitates platelet aggregation) and GPIb (an adhesive receptor involved in platelet adherence to sub-endothelial matrix). In our earlier studies, we have used these polyclonal antibodies and found that they bind to fish thrombocytes by immunohistochemical methods. However, we have not established the specificity of these antibodies by an alternate method. Therefore, to confirm the specificity of the antibody reactions, we have used FACS analysis. FACS analysis for GPIIb using polyclonal antibody (Fig. 3) revealed that approximately 1-2% of total blood cells are detected by these antibodies which is consistent with estimates obtained by fluorescence microscopy. Similar results were obtained with GPIb antibodies. Fluorescence microscopy was used to estimate the relative densities of these receptors on the thrombocytes by measuring pixel intensities of their fluorescent images. 18-20 independent images were analyzed and the average intensities of these images were plotted to represent levels of receptors. We found that the young thrombocytes had approximately two times more pixel intensity than mature thrombocytes, suggesting that young thrombocytes have higher receptor densities ( Fig.   4a A and 4a B) . Omission of primary antibody, and isotype matched IgG in place of primary antibody, were used as controls. Control thrombocytes did not show any immunofluorescence (data not shown). The size of thrombocytes did not interfere in this analysis because the method used measured intensity per pixel and not the total intensity of the thrombocyte. Thus, the results presented here are unlike earlier work with human platelets, where it was thought that the larger size of the young platelets might be responsible for the observed larger number of receptors.
For
Figure 4b.
We characterized differences in the functional activity between these young and mature thrombocytes. Since annexin-V binding and P-selectin expression are well established markers for platelet activation, we measured annexin V binding using FITC-annexin V and P-selectin expression, by P-selectin antibody binding, after adding ADP as an agonist to washed thrombocytes ( Fig. 4b A and 4b B) . 20-25 independent images were analyzed and the average intensities of these images were plotted to represent levels of P-selectin or annexin V binding indicating functional activity. P-selectin and FITC-annexin V did not show any observable binding before ADP
activation. The P-selectin antibody specificity was also verified by FACS similar to the GpIIb and GpIb antibodies as described above. The results showed greater activation of young thrombocytes than mature thrombocytes. Controls without ADP did not show functional activity (data not shown). Similarly, we compared these two types of thrombocytes for their ability to release calcium in response to ADP. We measured calcium release in individual thrombocytes in response to agonists using a calcium indicator dye, OG. Immobilization of thrombocytes to a surface was required for these studies 13 . Zebrafish thrombocytes were allowed to attach to glass slides during studies of time dependent calcium release. These studies revealed that the DiI+ thrombocytes released more calcium than the unlabeled thrombocytes (Fig. 5) . The time taken to initiate the calcium release from the time of ADP addition was approximately 30 seconds, probably due to the time taken for ADP to diffuse through the media under the cover slip. Thus, we have shown both the density of receptors and functional activity in young thrombocytes are significantly greater than those found in mature thrombocytes.
Figure 5.
Since young thrombocytes possess relatively higher amounts of GPIb and GPIIb/IIIa, and have more calcium release on activation, we hypothesized that young thrombocytes may tend to cluster together. To test this, we performed whole blood thrombocyte aggregation and found separate clusters of young (DiI and mepacrine labeled) and mature (mepacrine labeled) thrombocytes in thrombocyte aggregates (Fig. 6a) . To analyze whether young thrombocyte clusters may be formed first, we incubated whole blood with low concentrations of ADP and, at different
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From time points, observed which clusters formed first. Within the first three minutes, we found young thrombocyte clusters composed of 2-4 thrombocytes. At five minutes these small clusters of young thrombocytes increased in number, while at the same time larger clusters (15-20 thrombocytes) of mature thrombocytes appeared. Subsequently, in the ten minute reaction large composite clusters were also seen (Fig. 6b) .
Figure 6a.
This result is consistent with the above finding that young thrombocytes are functionally more active in vitro. Therefore, we theorized that because young thrombocytes have more adhesive receptors, they may come to the wound site first and form the initial aggregates. To elucidate which population of thrombocytes comes to the site of arterial thrombus formation first, we carried out the following in vivo studies. We differentially labeled young and mature thrombocytes by two independent methods. In the first method, we injected both DiI and mepacrine. In the second method we injected DiI into a transgenic zebrafish where only thrombocytes are labeled with the green fluorescent protein under the GPIIb promoter (GFP-zebrafish) 14 . In both of these experiments, it was possible to distinguish two populations of thrombocytes when observed under the fluorescence microscope. We then caused injury to zebrafish tail arterioles (20 different arterioles) by laser. We found that in all the arterioles, the young thrombocytes (double labeled DiI+ plus mepacrine or GFP+) were the first ones seen at the site of laser injury forming initial clusters at the vessel wall followed by mature thrombocytes (mepacrine or GFP+ alone). A representative video recording of the stepwise recruitment of two types of thrombocytes is given in Movie S1 showing initial orange cells (DiI+ plus mepacrine or GFP+) followed by green fluorescent cells in the growing thrombus. Figure 7A 
DISCUSSION
In this study, we established kinetics of thrombocyte recruitment in arterial thrombus formation by selectively labeling the young and mature thrombocytes with different dyes. Even though the mechanism of DiI labeling is not known, DiI selectively labels young thrombocytes. It is possible that the higher densities of adhesive receptors may somehow be involved in enhancing DiI binding to membrane phospholipids. However this does not in itself explain the specificity of DiI labelling. We believe that the conformation of lipid rafts, altered by the high densities of For personal use only. on September 14, 2017. by guest www.bloodjournal.org From receptors, may offer this specificity 9 . However this requires further investigation. Interestingly, the specificity of TO labeling to young thrombocytes is similar to that observed in reticulated platelets, which are young platelets in mammals. It has been postulated that TO labeling is due to the higher levels of RNA present in mammalian platelets. However, fish thrombocytes have nuclei and both nuclear DNAs and cytoplasmic RNA will bind TO. Since DNA is constant in thrombocytes more intensely TO labeled thrombocytes should have more RNA. Thus, our data on TO staining of young thrombocytes is consistent with the TO staining of young platelets despite the fact that thrombocytes are nucleated. In this report we have shown the DiI labeled thrombocytes are young thrombocytes by three criteria; 1. the DiI that labels young thrombocytes also labels young platelets, 2. TO that labels young platelets also labels young thrombocytes and 3. BrdU labeling also showed that the DiI cells are young.
Previous studies in platelets suggested that young platelets have more receptors. It has been argued that this is due to the larger size of the young platelets, though the density of the receptors per unit surface area of the platelets has not been calculated. In this study, we measured the pixel intensities as a relative measure of the receptor density, and thus, the size of the thrombocyte should not be a confounding factor in our analysis. We have also shown that young thrombocytes are functionally more active than mature thrombocytes by three independent criteria, namely Pselectin levels, annexin V binding and release of calcium after ADP activation.
The observation of independent clustering of young and mature thrombocytes is novel. We do not know the physiologic relevance of such clustering, although the initial clustering of young thrombocytes could be explained by the fact that the young thrombocytes are activated more rapidly than mature thrombocytes. However, in the growing thrombus, after the initial clustering of young thrombocytes followed by mature thrombocytes some more young thrombocyte clusters form followed again by mature thrombocyte clusters. We propose that such mosaic formation of young and mature thrombocyte in the thrombus may provide stability and mechanical strength to the thrombus. In in vitro clustering, the composite aggregates did form more slowly than the mature thrombocyte clusters. Though this may seem unexpected, it is possible to explain this by thrombocyte availability for aggregation. As young thrombocytes are seen to cluster first, physical surface area availability makes the probability of self-aggregation of mature thrombocytes greater than formation of composite aggregates.
aggregates until we treated the samples with agonists. Similarly, in the in vivo study, thrombocytes did not aggregate in circulation; however, they did aggregate at the site of injury suggesting activation after the injury. Thus, the labeling of the thrombocytes by DiI does not appear to be due to activation. Furthermore, human reticulated platelets, as defined by TO labeling, are the only ones labeled by DiI, again indicating that the DiI labeling is not a result of activation. It is important to note that the observation of DiI labeling of human reticulated platelets may be useful in their estimation in clinical laboratories along with TO, which is currently being used.
It has been found in chickens that there are four types of thrombocytes and these 
